Uranium deposits at the Anderson mine in western Arizona occur largely in debris flow and turbidite sediments deposited in an interfan lake on the northeastern flank of the early middle Miocene Date Creek basin. These lake sediments were deposited during a period of rapid constriction of lakes in the basin, of increasing climatic aridity, and of corresponding increased alkalinity and salinity of ground water and lake water. Alluvial fans marginal to the lake had Precambrian to early Tertiary igneous and metamorphic and older Tertiary volcanic rock sources. Precambrian granitic rocks north of the basin are exceptionally radioactive. Ash falls periodically covered the entire basin. Uraniferous topaz-bearing rhyolites and ultra-potassic rhyolites and trachytes have been found nearby. Palms, grasses, and semi-arid shrubs grew on the alluvial fans and alluvial plains adjacent to the lake, while a temperate deciduous hardwood forest grew in adjacent mountains.
Introduction
Tertiary alluvial and lacustrine rocks occur throughout much of western Arizona. They range in age from Oligocene to Pliocene. Many uranium occurrences and deposits are known in these rocks, largely in lacustrine or marginal-lacustrine facies of the basinal systems. The largest and most studied deposit occurs at the Anderson mine on the northeastern side of the Date Creek basin 150 kilometers northwest of Phoenix, Arizona ( fig. 1 ). Reyner and others (1956) first described the Tertiary section and the uranium deposits exposed at the surface at the mine. Otton (1977 Otton ( , 1978 briefly described the deposit. Sherborne and others (1979) gave a detailed description of the deposit, discussing the surface and subsurface stratigraphy, uranium mineralization, mineralogy, alteration, geochemistry, and origin of the deposit. Glanzman and Otton (written commun., 1978) have described a uranium and lithium association at the Anderson mine and offered a geochemical model for uranium transport and deposition. Otton (1981) described the structural setting of the Date Creek basin and the tectonic control of the distribution of lacustrine facies.
The purpose of this paper is to outline the geologic setting of the Anderson mine host rocks, describe the sedimentary processes that formed the host rocks, and discuss a new hypothesis for uranium deposition. The author is indebted to Christopher Hill, William Buckovic, and John Sherborne of Union Minerals and William Schneider and David Hertzke of Urangesellschaft for access to data obtained by the two companies and for their individual published and unpublished observations on the geology of the mine area (Sherborne and others, 1979) .
Geologic setting of the Date Creek basin
The Anderson mine is located in lacustrine facies of the Chapin Wash Formation on the northeastern flank of the Date Creek basin. The Date Creek basin is a northwest-trending topographic and structural low ( fig. 1) , bounded on the southwest by one or more normal faults including the Sandtrap Wash fault, a normal or oblique-slip normal fault (Shackelford, 1980; Otton, 1981) . To the north of the basin lies a Precambrian crystalline terrain; to the south and west lies a complex late Mesozoic to mid-Tertiary metamorphic terrain (Shackelford, 1980; Reynolds, 1980) . The Precambrian crystalline terrain contains granite that is anomalously radioactive (Loghry and Heinrichs, 1980) . The Chapin Wash Formation is exposed across the Date Creek basin and in some adjacent basins ( fig. 1 ). The formation was deposited in a basin that formed after an initial period of crustal extension and listric normal faulting that tilted the older Tertiary section mentioned above, The Chapin Wash can generally be divided into a western facies consisting of coarse alluvium, slide blocks, and monolithologic breccia and an eastern facies consisting of intertonguing coarse-to fine-grained alluvium and lake Mine, which is in the eastern facies of the Chapin Wash Formation, the formation includes the lower alluvial unit, the augite andesite, the mudstone-limestone unit, and the upper alluvial unit of Reyner and others (1956) . The lower alluvial unit and the augite andesite are included with the other two units in the Chapin Wash Formation near the mine, because to the south and west in the subsurface the augite andesite is often missing and the rocks above and below the augite andesite horizon are conformable and indistinguishable (Otton, unpublished drilling data, 1979) . Sherborne and others (1979) with the Chapin Wash Formation, following Reyner and others (1956) .
During deposition of the Chapin Wash Formation, the uranium host at the Anderson mine, the basin was dominated by alluvial fans and only small isolated lakes were present. The lake established in the vicinity of the present mine site appears to have formed in an interfan area ( fig. 2 ). The lake progressively lapped onto a pre-existing volcanic topography including the augite or basaltic andesite and the older rhyodacite sequence.
Stratigraphy at the Anderson mine
The stratigraphy of the Anderson mine section has been described by Reyner and others (1956) and Sherborne and others (1979) . Their use of names and the usage in this report are summarized in table 1. Of specific interest are the lower lakebeds, the arkose, the upper lakebeds (the major uranium host), and the upper alluvial unit of the Chapin Wash Formation. Because the basaltic andesite was considered "basement" for drilling purposes in the mine area, these four units of the Chapin Wash Formation were the ones usually penetrated by drilling, described in detail, and cored; thus, they are the best known. A composite stratigraphic section of these four units is shown in figure 3 . The lower alluvial unit of the Chapin Wash occurs as discontinuous channels beneath the basaltic andesite in the mine area. In the subsurface to the south, it thickens to several hundred feet. It was seldom penetrated by drilling in the Anderson mine area.
The lower lakebeds, which immediately overlie the andesite, are composed of quartzose, micaceous siltstones, tuffaceous mudstones and siltstones, and fine-grained sandstone. These rocks are gray, greenish-gray, brown, and red. Where highly carbonaceous, they are dark gray to black. Only a few feet of the lower lakebeds are exposed at the surface in one area in the mine.
They thicken markedly to the south, to over 150 m. They constitute a minor host for uranium mineralization in the mine area.
Anderson mine Upwards in the section and laterally in outcrop, the thin graded beds abruptly become highly calcareous and poor in carbon, they then give way to thicker, poorly sorted, ungraded, tuffaceous mudstone beds with coarser silicified plant fragments and eventually to beds as much as 1.5 m thick that are choked with silicified plant fragments. These latter beds represent debris flows (proximal turbidites, fig. 5 ), and it is these massive debris flows which dominate the upper lakebeds exposed at the surface in the mine area. A distinctive fauna is present in the middle unit of the upper lakebeds. It contains a single species of ostracod in great abundance (Heterocypris cf. salinus) and a single gastropod form also in considerable abundance, This suggests that conditions were becoming more harsh, probably more saline, and that fauna! diversity was rapidly decreasing. Two Hemingfordian age vertebrates have been found: Oxydactylus, a Miocene tall camel id; and Diceratherium, a primitive rhinocerus-like mammal (Lindsay and Tessman, 1974) .
Uranium mineralization
Uranium occurs in a wide variety of host rocks at the mine. It is most commonly associated with varying degrees of silicification of the host. The host almost always shows evidence that it contains, or once contained, plant debris and pyrite. Two distinctive ore facies are present: a highly silicified, oxidized facies and a black carbonaceous reduced facies. The oxidized facies is largely restricted to the upper ore horizon at the mine.
It consists of uraniferous (uranyl) silica, carnotite, and weeksite in highly silicified, thinly bedded to laminated, plant-debris-rich, tuffaceous siltstone and sandstone. These beds are highly colored with Fe-and Mnoxides. This ore horizon occurs just below the thick, greenish-gray, quartzose, tuffaceous middle unit of the upper lakebeds. The ore zone is laterally discontinuous but occurs at the same strati graphic horizon over a distance of 2400 m. It is in this zone that palm fronds, palm logs, vertebrate bones, and mats of twigs (possibly Ephedra) have been found. The plant debris is everywhere silicified, although organic carbon is probably still present in some material, judging from the gray to black color.
Hematite replacement of framboidal pyrite can be observed in many polished sections from this zone. This ore zone is more areally restricted than lower ore zones although its average grade appears to be higher. The humate laminae are about 1-2 mm thick. They are usually internally structureless, although some appear to be horizontally banded. They lack the clastic grains present in adjacent laminae. On fresh surfaces they are black, are glassy, and break with conchoidal fracturing. As core dries, the humate laminae dehydrate and shrink with dessication cracks forming. The humate laminae are usually restricted to the black, laminated, carbonaceous, micaceous siltstone, but they are rarely observed interbedded with the tuffaceous mudstone beds (medial debris flows, fig. 5 ).
The percentage of humate laminae in a given section varies greatly. The overall grade of the ore appears to increase with increasing percentage of humate laminae present, but this observation has not been confirmed quantitatively. The correlation between organic carbon and uranium content is not strong (Sherborne and others, 1979) . This may reflect the fact that two forms of organic carbon are present: coaly plant debris, which appears not to carry uranium; and humate, with which the uranium is associated. Thus the organic carbon content of a given interval may vary greatly if there are variations in the abundance of coaly plant debris, but the uranium content may be relatively constant if the amount of humate is constant.
Detailed studies of polished sections (Sherborne and others, 1979; Schneider, written commun., 1980) of the mineralized carbonaceous siltstones
show that uranium is associated with the humate laminae and the disseminated humate in the clastic laminae. The uranium occurs as a silicate usually too poorly crystallized or finely dispersed to give a definitive X-ray pattern.
However, in high-grade ore zones, coffinite can be identified in veinlets within the carbonaceous zones. Uranium probably also occurs as a uranoorganic complex. One pure humate layer contained about 500 ppm UoOo. These polished sections (Sherborne and others, 1979, fig. 15 ) also show that the coaly plant fragments have no associated uranium. The coaly plant detritus appears to have undergone pre-oxidation (N. Bostick, oral commun., 1980), probably as litter on the land surface next to the lake, which rendered it geochemically inert.
A genetic model
The debris flow-turbidite sedimentologic model, the character of the uranium mineralization, and the evidence for the nature of the aqueous geochemistry of the lake and ground waters suggest a genetic model for uranium mineralization at the mine. This model is shown in figure 6 . Uranium was derived from a Precambrian granitic terrain, from arkosic alluvium, and from the volcanic ash in the basin. Uranium migrated in shallow alkaline ground water down alluvial fans and through the alluvial plain. Where the silicic ash-fall tuffs were encountered, the ground water leached significant volumes of silica. Humic acid also accumulated in this water where the water encountered plant debris in the sediment, or it was added to ground water by degradation and leaching of plant litter in the soils. In the littoral zone around the lake margin, this ground water formed a major recharge source for the lake. Evaporation in the lake concentrated uranium, silica, and humicacid species in the water. As salinity increased, humate and silica would tend to polymerize and precipitate, forming thin bands on the lake floor or disseminated humate in clastic sediment if it, too, was being deposited.
Alternatively, precipitation may have occurred at water-layer interfaces in a stratified lake, with differences in Eh and pH initiating precipitation.
These bands were preferentially preserved below wave base in the central part of the lake.
Uranium could have coprecipitated as urano-silica or urano-organic complex. Where uranium concentrations were high enough in the reducing environment of the sediment, coffinite formed.
This mechanism for precipitation was likely cyclic in character as suggested by the stacked, thin, tabular nature of the mineralization.
Cyclicity was likely controlled by the relative rates of evaporation and freshwater influx (by surface water or ground-water recharge) or by alternate periods of mixing and stratification in the lake.
Clastic sedimentation was also episodic in nature. Large pulses of fresh sediment likely coincided with a large influx of freshwater. Debris flows generated by sheet floods during large storms would wash fresh clastic sediments and plant detritus into the lake. Between these larger storm events, wave action during smaller storms might carry fine sediment and plant debris from shallow waters nearshore into deeper waters without significantly altering lake-water chemistry. Some turbidite beds, especially those with abundant fossil shell hash but little or no plant debris, may have been caused by slump of lacustrine deltas.
The uppermost ore zone differs from lower zones in that oxidized uranium, vanadium, iron, and manganese species are present. Facies relations suggest that the lake had shrunk to a very small size during deposition of the uppermost ore zone. It seems likely that the entire lake facies may have been flushed by oxidizing, siliceous ground water in early stages of diagenesis of the sediment. Thus all plant debris would have been silicified and would have had large volumes of uraniferous waters flushed past it. This may account for the overall higher grades of uranium seen in the uppermost ore zone.
